Recent observations on the dog indicate that during recovery from chronic hypercapnia the chloride ion plays a critical role in permitting full restoration of plasma composition to normal (1). Plasma bicarbonate concentration remains significantly elevated, and plasma chloride concentration markedly depressed unless chloride is provided in the diet. It was tentatively proposed that when the quantity of chloride available for reabsorption is reduced, the transtubular potential difference generated by active transport of sodium is greater than normal and that this, in turn, is responsible for a higher than normal rate of diffusion of hydrogen ions into the glomerular filtrate and for the sustained elevation of plasma bicarbonate concentration.
Recent observations on the dog indicate that during recovery from chronic hypercapnia the chloride ion plays a critical role in permitting full restoration of plasma composition to normal (1) . Plasma bicarbonate concentration remains significantly elevated, and plasma chloride concentration markedly depressed unless chloride is provided in the diet. It was tentatively proposed that when the quantity of chloride available for reabsorption is reduced, the transtubular potential difference generated by active transport of sodium is greater than normal and that this, in turn, is responsible for a higher than normal rate of diffusion of hydrogen ions into the glomerular filtrate and for the sustained elevation of plasma bicarbonate concentration.
The present study was undertaken to determine whether chloride may play a significant role in the correction of the metabolic alkalosis associated with potassium deficiency. For this purpose, studies have been performed in dogs made potassium deficient, alkalotic, and hypochloremic by the administration of deoxycorticosterone acetate (DCA)' and sodium bicarbonate.
Subsequently, three consecutive maneuvers were carried out while the animals were maintained on a diet low in potassium and chloride: 1) DCA was withdrawn, 2) potassium bicarbonate was substituted for sodium bicarbonate in the daily electrolyte supplement, and 3) chloride was administered in various forms. The data indicate that withdrawal of DCA and administration of potas-* Supported in part by grants from the National Heart Institute, National Institutes of Health, Public Health Service (H-759 and HTS-5309), and the Life Insurance Medical Research Fund.
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sium bicarbonate resulted in only partial correction of the metabolic alkalosis despite almost total correction of the potassium-deficient state. The major reduction in bicarbonate concentration occurred during the repair of the chloride deficit. This finding is consistent with the hypothesis that the hypochloremia and chloride deficiency exerted a significant effect on the transfer of hydrogen ions into the glomerular filtrate and were responsible for the maintenance of an elevated plasma bicarbonate concentration.
METHODS
Balance studies were carried out on 6 healthy female dogs weighing between 17 and 22 kg. Each day the animals were fed 25 g per kg of a synthetic diet, the composition of which has been described previously (2) . The intrinsic electrolyte content of the diet was approximately 1 mEq of sodium per 100 g, 1 mEq of chloride per 100 g, and less than 0.1 mEq of potassium per 100 g. Supplementary electrolytes were added to the diet from stock solutions whose composition had been verified by direct analysis. In most instances, the diet was administered by gastric tube in two portions (a.m. and p.m.). Daily intake values were corrected for the slight amounts remaining in the bottle and tubing. In a few instances the dogs ate spontaneously during the early part of the study, but as severe potassium depletion developed, it became necessary to tube-feed all animals.
Each study was initiated by a control period during which the synthetic diet was administered for a period of at least 1 week. In 5 animals the daily intake was supplemented during this period with 2.5 mEq per kg of sodium, 2.5 mEq per kg of potassium, and 5.0 mEq per kg of chloride. The diet of one of these animals (Dog Y) was further supplemented by the addition of 1.5 mEq per kg per day of phosphate as sodium phosphate (pH 7.4), in order to allow for ready substitution of chloride for phosphate during the last phase of the study (see below). The electrolyte intake in the sixth dog (chronologically the first in the series) differed in several minor respects from that used in the other 5 animals. Although the slight differences in protocol did not appear to affect significantly the pattern of the re-218 sults, detailed balance data will not be shown, since direct comparison with the other studies is difficult; only the observations on plasma composition will be presented.
Metabolic observations in each study were begun 4 days before the beginning of Period I (induction of potassium deficiency). The protocols for each period are outlined in detail below.
Period I: Induction of potassium deficiency and alkalosis by administration of DCA and sodium bicarbonate. The supplementary sodium chloride and potassium chloride administered during the control period were replaced by sodium bicarbonate, 5.0 mmoles per kg per day. (In addition, in Dog Y the supplement of sodium phosphate was continued.) A daily injection of 0.5 mg per kg of DCA in oil was given to each animal until plasma bicarbonate concentration had risen to a level of at least 30 mEq per L.
Period II: DCA withdrawal. DCA injections were discontinued but the sodium bicarbonate supplement of 5.0 mmoles per kg per day was maintained until plasma bicarbonate concentration had stabilized for a period of at least 2 days. (In addition, in Dog Y the supplement of sodium phosphate was continued.)
Period III: Replacement of sodium bicarbonate by potassium bicarbonate. The sodium bicarbonate given in Periods I and II was replaced by an equimolar quantity of potassium bicarbonate (5.0 mmoles per kg per day). (In addition, the sodium phosphate supplement in Dog Y was replaced by an equimolar quantity of potassium phosphate.) This regimen was continued until plasma bicarbonate concentration was essentially constant and potassium excretion was virtually equal to potassium intake for a period of at least 2 days. At this time, two dogs, U and W, were given an additional daily quantity of 1.5 mmoles per kg of potassium bicarbonate on 4 successive days in order to assess the effects of a higher potassium intake on plasma bicarbonate concentration and potassium balance. In these animals, a further 3-day period of observation was carried out after the extra potassium intake was discontinued.
Period IV: Administration of chloride. During this final period the potassium bicarbonate intake was continued at the same level as in Period III (5.0 mmoles per kg per day). However, the electrolyte intake was altered in the following ways in order to repair the chloride deficit: a) 3 dogs (J, S, T) were given sodium chloride, 2.5 mmoles per kg per day; b) 2 dogs (U, W) were given potassium chloride, 1.5 mmoles per kg per day (these two animals were the same ones that had received an equimolar increment of potassium bicarbonate during Period III) ; c) chloride, 1.5 mEq per kg, was substituted for the equivalent amount of phosphate in the diet of one dog, Dog Y (which had received the phosphate supplement). The period of augmented chloride intake was continued until approximate chloride balance and a steady plasma bicarbonate concentration had been achieved for a period of at least 2 days.
Studies were carried out in metabolic cages which permitted the urine to drain over a siliconized tray into bottles containing mineral oil and a thymol-chloroform mixture. The system was tested with water and gave over 97 per cent recovery. The volume, pH, and CO., of the urine were determined on each 24-hour specimen promptly after the collection was completed. On most mornings, a 20-ml sample of arterial blood was drawn into a heparinized syringe. Feces were collected and pooled separately for each period and the collections were begun and ended 24 hours later than the corresponding experimental period.
The analytic methods for pH, CO2 content, sodium, potassium, chloride, and organic acids have been described previously (3, 4 Table I ). figure. don (8) . The electrolyte content of diet, stool, and vomitus was determined on nitric acid extracts. Nitrogen was measured by the Kjeldahl method. The daily balance was calculated as the net intake minus the combined output in the urine, stool, and blood sample. Each 20 ml of blood withdrawn was considered to contain 2 mEq of chloride and 3 mEq of sodium. In calculating a correction for potassium excretion due to changes in nitrogen balance, a value of 2.7 mEq of potassium per g of nitrogen was used. Changes in the volume of the "chloride space" and shifts of sodium and potassium between extra-and intracellular spaces were calculated in the usual manner, on the assumption that chloride is limited to the extracellular compartment. The initial volume of the extracellular fluid was in each instance assumed to be 20 per cent of the body weight.
RESULTS
The principal features of three representative studies are shown in Figures 1 through 3 and complete data from one study are given in Table   I . These studies will not be described individually, but will be considered in relation to the collective data for each period. Figure 4 ) and also a slight rise in plasma pCO2 ( Figure 4 ). It is of interest that each of the three dogs whose plasma bicarbonate concentration was measured 1 day after the period was begun showed a rise in concentration on that day which was greater than on any subsequent day.
The Figure 6 shows the daily sodium balance, expressed cumulatively. The retention of sodium was generally greatest on the first day of steroid administration but despite day-to-day variations in excretion, the pattern throughout the period was one of increasing sodium retention. The cumulative values for the entire period are shown in Table II . Plasma sodium concentration rose by 3 to 4 mEq in nearly every instance. Table II and Figure 6 also demonstrate that in four out of five animals there was a significantly greater retention of sodium than there was loss of potassium. There was no significant weight change (Table II) .
Internal balances. (Table II) .
Plasma potassium tended to rise slightly (Figure 5) . Within 2 days after DCA withdrawal, potassium excretion fell to negligible levels (Table I) . There was usually a slight fall in plasma sodium concentration which averaged 4 mEq per L. Sodium retention, which had been a prominent feature of the DCA period, promptly ceased, except in Dog W, which retained sodium after vomiting stopped. In two animals ( Figures  1 and 2) there was a small loss of sodium, but even in these, cumulative sodium balance was still markedly positive at the end of the period (Dog T, 341 mEq; Dog U, 280 mEq).
Internal balance. Calculated shifts of sodium and potassium were minor (Table II) , except in Dog W, which showed a significant gain of intracellular sodium.
Organic acids, phosphate, nitrogen, and creatinine. Organic acid and phosphate excretion did not change significantly nor did plasma creatinine concentration. There was a significant negative nitrogen balance in two dogs (Table II) .
Period III: Replacement of sodium bicarbonate by potassium bicarbonate Acid-base. Figures 1-3 illustrate that there was a moderate fall in plasma bicarbonate concentration during the period of potassium bicarbonate administration, and they also show that virtually all of this fall occurred during the first 1 or 2 days of the period. The reduction in plasma level for the entire period is shown for each animal in Figure 7 . The average fall for the group was 5.7 mEq per L; the final average plasma value of 29.0 mEq per L was 10 mEq above the mean value observed at the end of the control period. In two animals plasma pH and pCO2 fell slightly; in the remainder there was no significant change ( Figure 4) .
A marked increase in net alkali excretion occurred on the first day of the period in the two dogs which simultaneously showed the largest reductions in plasma bicarbonate concentration. There were no other consistent changes in the acid-base composition of the urine.
,Two dogs (as mentioned under Methods) received an additional quantity of 1.5 mmoles per kg of potassium bicarbonate on 4 successive days near the end of the period. The observations on one such dog are illustrated in Figure 2 , in which it can be seen that plasma bicarbonate fell by 2.5 mEq per L during the period of extra potassium bicarbonate administration and that it rose by approximately 1 mEq per L after the potassium supplement was stopped. In the other animal there was no significant change in plasma bicarbonate concentration either during or after the administration of extra potassium bicarbonate.
Chloride, potassium, and sodium. The plasma chloride concentration rose by an average of 7 mEq per L (range, 4 to 12 mEq per L). This rise usually occurred gradually (Figures 1 and 2) , but occurred more abruptly in the two animals which had a marked bicarbonate diuresis on the first day. The mean plasma chloride concentration at the end of the period was 98 mEq per L, a value of 16 mEq per L below control levels. There was no significant positive or negative chloride balance during this period of observation (Table  II) .
The addition of potassium bicarbonate to the diet resulted in a marked retention of potassium with the restoration of more than half of the deficit within the first 2 days. During the next 2 to 3 days a smaller additional quantity of potassium was retained with the result that an average of 85 per cent of the estimated initial losses (expressed as potassium corrected for nitrogen) was replaced (Table II) . Subsequently, potassium excretion became virtually equal to potassium intake. The pattern of potassium retention for three individual experiments is shown in Figures 1-3 , and the cumulative balance of potassium from the beginning of the study is shown in Figure 5 . This latter figure also demonstrates that serum potassium concentration rose from a mean level of 2.3 to 3.6 mEq per L (range, 2.9 to 4.2 mEq per L) during the period.
Each of the two dogs given an extra supplement of potassium bicarbonate (Dogs U and W) retained 20 mEq of potassium over the 4-day loading period.
During the first several days of the period there was a large negative balance of sodium (as illustrated in Figures 1-3 ), but within 6 to 7 days urinary excretion of sodium had virtually ceased. The cumulative negative sodium balance for the period (Table II) ranged from 184 to 242 mEq. There was no significant weight loss, nor was there any consistent change in plasma sodium concentration.
Internal balances. Table II indicates that cellular accumulation of potassium was accompanied by an almost equal loss of sodium. Furthermore, the calculated shift of sodium from cells was approximately equal to the negative external sodium balance for the period (Table II) . Calculated extracellular fluid volume fell slightly.
Organic acids, phosphate, nitrogen, and creatinine. Organic acid excretion showed no consistent or significant change, nor was there any change in phosphate excretion. Nitrogen balance was slightly negative in most dogs (Table  II) . Plasma creatinine concentration did not change significantly.
Period IV: Administration of chloride Acid-base. The addition of chloride to the diet resulted in a fall in plasma bicarbonate concentration varying from 6.7 to 16.4 mEq per L over a period of 3 to 5 days. Figures 1-3 illustrate that when chloride was given with sodium or potassium, or was substituted for phosphate, the effect on plasma bicarbonate concentration was the same.
The fall in concentration at the end of the period averaged 10.4 mEq (Figure 7 ), representing approximately two-thirds of the decrement in plasma concentration seen during the entire course of the study. Final plasma concentrations ranged between 17.4 and 19.6 mEq per L. Blood pH fell abruptly to control levels, and there was a slight but consistent fall in pCO2 (Figure 4 animals were maintained on only potassium bicarbonate. The withdrawal of chloride did not cause any further significant alteration in the plasma bicarbonate concentration (Figures 1 and  2) . Figure 8 shows that during the interval when plasma bicarbonate concentration fell, there was an increase in net alkali excretion in every animal. Cumulative change in net alkali excretion for the period (calculated as the change from the average net alkali excretion during the 3 days before the start of the period) ranged between 92 and 266 mEq.
Chloride, potassium, and sodium. All animals retained chloride for a period of 4 to 5 days; cumulative values are shown in Table II (and Figures 1-3 ). In the two dogs given sodium chloride, the ratio of chloride to sodium retained was greater than would be required simply for expansion of extracellular fluid with a normal chloride-sodium ratio; the values for "excess chloride" were 85 and 105 mEq. The cumulative values for chloride retention in the dogs whose deficits were repaired during the administration of a sodium-free diet ranged from 120 to 131 mEq. Plasma chloride concentration rose to a level of 112 to 116 mEq per L. The average rise was 16 mEq per L, an increment 5 mEq greater than the simultaneous average decrement in plasma bicarbonate concentration.
Plasma potassium concentration rose in every animal; the average increase was 1.0 mEq per L and the final values ranged from 4.2 to 5.3 mEq per L ( Figure 5 ). During this final period there was significant retention of potassium in all but one animal (Table II) . However, over the first 3 to 5 days, during which plasma bicarbonate concentration fell to normal, there was no significant retention of potassium (-5 and + 17 mEq, corrected for nitrogen) in the two dogs given a sodium chloride supplement; in the other three animals potassium retention over this interval ranged from 47 to 64 mEq.
There was no significant change in plasma sodium concentration. Sodium balance was unchanged in the three animals on a low sodium intake but was positive (+ 55 and + 128 mEq) in the two dogs given a sodium chloride supplement. All animals. except the one which had vomited during Periods I and II (Dog W), were still in positive sodium balance at the end of the study (as illustrated in Figures 1-3 ) in amounts ranging from 92 to 285 mEq.
Internal balances. Internal balance calculations indicated that there was a small shift of sodium out of cells and of potassium into cells. The calculated extracellular fluid volume increased slightly in every animal (Table II) .
Organic acids, phosphate, nitrogen, and creatinine. The excretion of organic acids and phosphate did not change significantly. Nitrogen balance was positive in every case and cumulative nitrogen retention averaged 11 g (Table II ). There was no significant variation in the plasma creatinine concentration.
Fecal electrolytes. During the control period, Period I, and Period II, stool potassium averaged 1 to 2 mEq per day. During Periods III and IV (the interval over which potassium was administered), stool potassium rose to an average of 4 mEq per day. Stool sodium during the control, first, and second periods averaged 5 to 8 mEq per day. During Periods III and IV, stool sodium fell to an average of 1 to 2 mEq per day. Stool chloride was approximately 1 mEq per day throughout the study.
DISCUSSION
The present data indicate that chloride plays a critical role in permitting full correction of the alkalosis associated with potassium depletion in dogs. Although plasma bicarbonate concentration rose by an average of 17 mEq per L during the period of DCA administration and potassium depletion, it fell by an average of only 7 mEq per L when DCA was withdrawn and the potassium deficit was almost entirely corrected by administration of potassium bicarbonate. The largest fall in plasma bicarbonate concentration, as well as in plasma pH, occurred when chloride was subsequently added to the diet; the provision of chloride (either as sodium chloride or potassium chloride, or by substitution of chloride for phosphate) produced an average fall of 10 mEq per L in plasma bicarbonate concentration and restored acid-base equilibrium to normal. The marked retention of chloride during this period was accompanied by an increase in net alkali excretion which, assuming constant endogenous acid production, was of sufficient magnitude to wholly account for the fall in plasma bicarbonate concentration. It should be emphasized, however, that it is not necessary to rely on the assumption that endogenous acid production was unchanged during the interval of chloride administration in order to reach the conclusion that the kidney was ultimately responsible for correction of the alkalosis. Continued excretion of a substantial quantity of bicarbonate, at a time when the plasma level was falling, clearly indicates that the bicarbonate reabsorptive capacity of the kidney had been appreciably reduced.
It is apparent that the addition of chloride to the diet, of necessity, always involved a change in the intake of some other ion. However, the use of three separate maneuvers for chloride repletion would appear to make it unlikely that there was any factor other than the augmented chloride intake which was responsible for the corrective process. The presence of sodium in the diet was shown to be unnecessary in the studies with potassium chloride supplements; the effect of potassium loading was controlled by the preliminary administration of an equimolar quantity of potassium bicarbonate; the substitution of chloride for phosphate permitted correction without change in the cation content of the diet.
It is not possible to decide from the present data whether the potassium retention which usually, but not always, occurred during the period of chloride administration played a role in the correction of the alkalosis or simply occurred as a consequence of the restoration of normal acidbase equilibrium. However, several observations suggest that the latter interpretation is the more likely one. It is known, for example, that metabolic alkalosis produced by peritoneal dialysis with sodium bicarbonate, in itself, produces potassium depletion (9) . Furthermore, the degree of potassium depletion induced by this type of alkalosis is comparable to that which persisted in the present study after potassium bicarbonate had been administered for a prolonged period. However, even if it is argued that the small but persistent deficit was responsible for the maintenance of the alkalosis, it is clear that only with repair of the chloride deficit could the additional potassium be retained; thus chloride would, in any event, have to be considered the primary element in the corrective process.
Although the data allow no firm conclusion concerning the intimate mechanism by which chloride operates to modify the renal handling of bicarbonate, it seems most likely that its role is fundamentally the same as has been previously proposed for the recovery phase of chronic respiratory acidosis (1) . In these latter studies it was shown that, despite restoration of a normal plasma carbon dioxide tension, the plasma bicarbonate concentration remained significantly elevated and plasma chloride concentration grossly subnormal, when a diet deficient in chloride was administered. It was tentatively proposed that when the quantity of chloride available for reabsorption is insufficient to reduce the potential difference generated by active sodium transport, accelerated diffusion of hydrogen into the tubular lumen continues and sustains plasma bicarbonate concentration at an elevated level. The present observations are consistent with this general hypothesis concerning the role of chloride and also with earlier studies indicating that the rate of acid excretion can be markedly increased in the nonacidotic dog when the availability of a penetrating anion such as chloride is severely limited (4). In these latter experiments, the infusion of phosphate induced near-maximal excretion of titratable acid; the subsequent administration of chloride (but not of anions of low penetrating ability such as sulfate or ferrocyanide) was followed by a marked suppression of acid excretion.
The results of the present study differ in several major respects from those of previous investigators. Grollman and Gamble (10) The response to potassium bicarbonate administration in the present study also differed markedly from that observed by previous workers ( 11 ) , who noted that this potassium salt fully corrected the alkalosis induced in rats by DCA and a potassium-free diet. Correction occurred in association with only minor changes in the acidbase composition of the urine (the urine remaining acid); most of the fall in plasma bicarbonate concentration apparently resulted from increased organic acid production as manifested by a striking rise in the excretion of organic anions (11) . By contrast, as pointed out earlier, in the dog only partial correction of the alkalosis occurred during potassium bicarbonate administration (average fall of 5 mEq per L in plasma bicarbonate concentration) and there was no significant increase in organic anion excretion.
The retention of sodium without chloride induced in the present study by the administration of DCA and sodium bicarbonate apparently led to little, if any, expansion of the extracellular fluid; virtually all the retained sodium (according to "chloride space" calculations) served to replace potassium lost from the cells. These findings stand in contrast to the results of previous studies with DCA (12, 13) in which the diet contained sodium chloride. Under the latter circumstances, most of the sodium was retained with chloride and presumably was restricted to the extracellular space. It has been proposed that the resulting increase in extracellular fluid volume produced a rise in glomerular filtration rate which was responsible for the characteristic "escape" from the sodium-retaining effects of DCA (12, 14) . In the absence of such an expansion and of a rise in glomerular filtration rate, the mechanism of "escape" would not be expected to operate; this may account for the persistent sodium retention observed in dogs on a chloride-free intake.
SUM MARY
Balance studies have been carried out on six dogs in order to assess the factors governing correction of the metabolic alkalosis associated with potassium deficiency.
Alkalosis and hypochloremia were induced by the administration of deoxycorticosterone acetate (DCA), sodium bicarbonate, and a diet of low potassium and chloride content; there was an average increase of 17 mEq per L in plasma bicarbonate concentration accompanied by a virtually equal reduction in plasma chloride concentration. Withdrawal of DCA was followed by an average fall of 2 mEq per L in plasma bicarbonate concentration. Administration of potassium bicarbonate in place of sodium bicarbonate produced a further average fall of only 5 mEq per L in plasma bicarbonate concentration despite almost complete repair of the potassium deficit. Thus, mean plasma bicarbonate concentration was still 10 mEq above control levels after equilibrium between potassium intake and excretion had been established. The subsequent administration of chloride as either sodium chloride, potassium chloride, or by substitution of chloride for phosphate was accompanied by a prompt reduction in plasma bicarbonate concentration to control levels. In each dog there was an increase in net alkali excretion as chloride was retained. These data, taken together with previous observations on the recovery from chronic respiratory acidosis, suggest that under a variety of circumstances chloride plays a critical role in permitting an elevated plasma bicarbonate concentration to return to normal levels. A hypothesis which may account for the influence of chloride on the transtubular movement of hydrogen ions into the glomerular filtrate has been considered.
